Abstract--A new type of silicon device has been realised that has many properties comparable to or better than a conventional PMT (Photomultiplier Tube). This paper presents the first results of using these devices in place of PMT for the readout of scintillators for eventual application in PET (Positron Emission Tomography). This device, the Silicon Photomultiplier (SiPM) is effectively an avalanche photodiode operated in Geiger mode. In Geiger-mode detectors, a very large current signal is produced regardless of the size of the input, giving just logical rather than proportional information. However, the SiPM is subdivided into a large number (1500) of microcells that act as independent and virtually identical Geiger-mode photodiodes. The outputs of all these individual microcells are connected so that the total output signal is the sum of the signals from all of the microcells that were fired. In this way proportional information can be obtained. As a consequence of their design, these detectors have potentially very fast timing (<100ps), high gain (10 5 - 10 6 ) at low bias voltage (~50V), a high quantum efficiency (35% at 500nm), excellent single photoelectron resolution and are cheap to manufacture. Here their characterisation and initial results when used with pulsed LED and scintillator pixels are presented.
I. INTRODUCTION T he (MRS) Metal-Resistor-Silicon Silicon PhotoMultiplier (SiPM) is a new type of Geiger-mode avalanche photodiode that shows promise as a detector for scintillators [1] . They have recently been tested as possible detectors for the hadron calorimeter tiles for the TESLA next-generation linear collider [2] . This paper presents results from initial tests to characterise a SiPM test sample in terms of its general performance and for the readout of scintillators that are commonly used for PET.
The SiPM is a p-n junction diode that is biased above the breakdown voltage in order to create a Geiger avalanche. The resulting depletion region in this device is of the order of just 5µm, with an avalanche region of around 1µm. Such a thickness is sufficient for optical photon detection. The Geiger avalanche is passively quenched by a resistive load in series with the diode. In the MRS structure of this SiPM, the resistive belcari@df.unipi.it; nicoladascenzo@yahoo.it; alberto.delguerra@df.unipi.it).
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load takes the form of a special layer deposited over the diode surface. By using the high-resistivity material SiC, the layer can be made thin whilst providing adequate quenching. A semi-transparent metal contact layer on top of the resistive layer forms the electrode. Such an MRS structure provides noiseless, high gain such that even single optical photons can be easily detected and resolved.
However, a normal Geiger-mode APD has the disadvantage that every signal photoelectron produced in the depletion region produces the same fixed-amplitude output signal, the magnitude of which is determined by the quenching resistance. In this way a Geiger-mode APD performs as a digital counter, giving no information of the size of the input and thus prohibiting the possibility of having proportional information for spectroscopy. The MRS SiPM structure overcomes this inherent limitation by dividing up the silicon-diode surface area into a large number of regions called microcells, each of which acts like an independent and identical Geiger-mode APD. This is achieved by depositing the n + layer in ~30µm 2 cells, separated by a gap of a few microns, that defines the detector structure, as shown in Fig.1 . In this way the avalanche region is localised to each cell. If the outputs of all these microcells are summed together then the output signal is proportional to the number of microcells activated. In the MRS SiPM, the microcell signals are multiplexed by the common metal electrode contact layer. The resistive layer also prevents cross talk between cells, since the resistance in the vertical direction is significantly less than that in the lateral direction. In this way, the MRS SiPM provides a large, proportional signal for low to moderate photon flux (N photon < N cells ). The type of MRS SiPM that was used in the measurements presented here was developed at CPTA, Moscow. A photo of the device is shown in Fig.2 . It has an area of 1x1mm 2 and is composed of 1500 microcells. It is operated within the bias range of -48V to -53V. It should be noted that all measurements are made at room temperature: no cooling is required.
The SiPM bias is provided by a TTi QL564 high-precision voltage supply. The SiPM output signal, although already large from the avalanche amplification process, then enters a fast, charge amplifier chip to better put the signal in the range of the CAEN V785 QDC (charge integrating ADC). The resulting data is then sent to a PC and acquired, displayed and analysed using a custom LabView program.
Initial characterisations of the SiPM were carried out using pulsed LEDs, driven by a Philips PM5715 pulse generator. The QDC requires a gate signal for acquisition that was generated by the pulse generator. Measurements of the scintillation spectra were made using the SiPM with three types of inorganic scintillator. LSO is currently the optimum choice for most PET applications, whilst BGO and CsI(Tl) were chosen for study due to their longer wavelength emissions. The BGO and LSO scintillators were 1.5 x 1.5 x 12 mm 3 whilst the CsI(Tl) crystal was 10 x 10 x 10 mm 3 . 
A. Gain
By pulsing the LED at a very low light level, the SiPM is able to clearly resolve single photoelectron peaks. Their separation, obtained by fitting the peaks with Gaussian functions, gives the gain of the device. The gain is a function of bias, since the SiPM charge signal is essentially current limited by the resistive layer. Therefore, using a larger voltage will permit a larger current to flow. The gain was measured for the full range of bias values.
B. Dark Rate
Due to the very high gain of the SiPM, the standard photodiode noise contributions are negligible compared to the signal size. However, there remains a significant contribution from dark counts that are due to thermally generated electrons in the depletion region. These cause an avalanche and generate a signal that is indistinguishable from that produced by a 'signal' photoelectron. Therefore, these events can be thought of as noise at the photoelectron level. The dark rate increases with temperature, detector volume and bias (since increasing bias increases the extent of the depletion volume). As the rate increases, the chance of observing multiple dark counts together also increases.
To measure the dark rate, the SiPM output was sent to a CAEN N840 threshold discriminator and the generated triggers counted with a CAEN N1145 scalar unit. The rate was calculated for different SiPM bias voltages. This measurement was performed with no light input signal so as to measure the rate from the dark counts only.
C. Detection Efficiency
The detection efficiency of incident photons also increases as the bias is increased. This can be explained by the fact that increasing the bias increases the depletion region in both directions, so that photons interacting near the top surface of the silicon can be detected. Although it was not possible to measure absolute detection efficiency, comparative measurements were made for different biases. This was achieved using a pulsed LED of a fixed light level and measuring the average signal level detected by the SiPM for different biases. The average signal level was then calculated from the centroid of each spectrum measured by the QDC in terms of N pe .
D. Recovery Time
In order to measure the recovery time of the SiPM set-up, double pulses from the pulsed LED with different temporal delay were used.
E. Estimating Scintillator Signal
Knowing that the sensitivity in the blue region was relatively low, some estimates of the expected signal level were made for different scintillators in terms of the number of photoelectrons (N pe ). This can be estimated using (1). The scintillation yields (Ψ) are easily found for each scintillation type. To calculate the average QE, some measurements made by Musienko [3] on another SiPM test sample were used. This QE curve (Fig.3 ) was convolved with a normalised scintillator emission spectrum and the resultant used to arrive at a figure for the average QE for that scintillator (2) . The light collection efficiency is perhaps the hardest parameter to estimate. Typically, for small crystal scintillators such as those used here, the light collection efficiency could be between 40-80% depending on various factors. A pessimistic value of 40% was chosen, which then needs to be combined with another 40% reduction due to the area mismatch between the 1.5mm crystal and the 1mm SiPM detector area. 
F. Scintillation spectra
LSO and BGO scintillator pixels of 1.5 x 1.5 x 12mm 3 were wrapped in several layers of white Teflon tape and air-coupled, centrally, to the SiPM. The crystal was illuminated with a 22 Na source. A gate signal for the QDC was necessary, which was made by placing a PMT at the opposite end of the crystal to view a small portion of the light signal, and thus provide a trigger to generate a gate. The gate signal for LSO was 120ns in width, whilst that for BGO was 300ns. The trigger threshold for the PMT was set at just below the 511keV photopeak level. Therefore, the resulting SiPM spectrum represents just photopeak events. From the position of the centre of this peak, we can determine the number of photoelectrons and compare it with the number calculated.
III. RESULTS

A. Gain
A typical single photoelectron spectrum is shown in Fig.4 . Such well resolved singles peaks are possible due to the large signal-to-noise ratio. The narrowness of the observed peaks demonstrates the near identical performance of all the microcells as well as the device stability. Each QDC channel is equal to 0.1pC and from this the absolute gain is calculated and is shown for each bias value in Fig.5 . The gain was found to be linear and in the range of 8x10 5 and 3x10 6 between the bias values of 49.5V to 53V.
B. Dark Rate
The measured dark rates for different biases at different thresholds are shown in Fig.6 . The 'bumps' in the graphs are due to the individual electrons. The gain increase at different biases is also evident. The frequency of the thermal events can be seen to increase radically between a bias value of 49.5V and 53V. The dark rate for a threshold at the single photoelectron level varies between 20kHz and 1MHz for bias values of 50V and 53V. At 3pe, there are just a few counts a second at 50V but still 30kHz at 53V. But for a gate of 100ns, the probability of integrating dark counts is negligible even at 53V. And for scintillator applications, the threshold could even be set at some tens of photoelectrons, eliminating any contribution from dark counts altogether. Fig.7 shows the increase in the average detected signal at different bias values for a fixed light level. The detection efficiency is found to increase significantly, with signals increasing by a factor of four between the bias values of 49.5V and 53V. This implies that for scintillation readout, the highest bias value possible should be used. Fig.8 shows the oscilloscope capture of two SiPM signals that are just temporally separated (upper trace). The separation of the input pulses to the LED was 50ns (bottom trace). In fact this 'recovery time' is really a worst-case scenario: The time response in these tests was dominated by the >20ns LED pulse width used. At worst, the complete recovery time is 50ns -more than adequate for scintillator applications, although previous studies have shown intrinsic timing of <100ps [1] , [2] . Table 1 shows the predicted values of N pe calculated for a number of different scintillators. It can be seen that the predicted signal levels are at least an order of magnitude lower than those generally expected from a photomultiplier. This is due to the extremely low QE, particularly in the blue end of the spectrum. It can be seen that those scintillators with emissions more in the red end of the spectrum, such as BGO and CsI(Tl) have much higher average QE. This was the reason why these two scintillators were included in our measurements alongside LSO. As can be seen, the very blue emission spectrum of YAP makes it unsuitable for use with the current SiPM and so it was not included in our measurements. 
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Figs. 9 and 10 show the pulse height spectra and oscilloscope captures for LSO and BGO respectively. Due to the method of thresholding that was used, the distributions observed are due almost entirely to photopeak events. In the case of both LSO and BGO, the centre of this 'peak' is around 25pe. This is around half the signal level predicted from the calculations. This could mean that the QE measurements are wrong or the light collection losses are even greater than was thought. A very large signal was observed on the oscilloscope for CsI(Tl), as shown in Fig.11 . Its very long decay time makes it unsuitable for PET and difficult to acquire with our QDC without also integrating a large amount of noise (a 3µs gate would be required). The MRS SiPM sample that has been studied has shown itself to be a very promising detector that is stable and rugged, has excellent single photoelectron resolution, fast timing and a high gain at low bias voltage. No problems or failures were encountered during the several months that this sample was tested for. Its dimensions are ideal for forming high-resolution matrices for PET or other scintillator imaging applications. The fabrication is fairly simple and does not require special high-resistivity silicon, therefore having the potential to be a low cost detector solution. There is no requirement for special, low-noise electronics. The gain is of the order of 8x10 5 -3x10 6 between the bias values of 49.5V -53V. Even at maximum gain, a threshold of 3pe keeps the dark rate to 30kHz. The gain was monitored using the single photoelectron peaks at fixed settings, over a period of several months, in a range of laboratory temperatures. The gain fluctuations at different times, over several months, were found to be small (standard deviation <1%). This could be attributed to changes in ambient temperature, instabilities in the bias supply and measurement errors. The disappointment with this SiPM was that the quantum efficiency for our sample was found to be very low, averaging only 2.5% over the emission spectrum of LSO. When the measurements were made with scintillator light signals the value measured was about half of the expected value, even using fairly pessimistic values in the calculation. Although a small amount of light is lost to the PMT to make the trigger, this was kept to a minimum by keeping layers of Teflon between the scintillator and PMT. It could be that there are other light losses that had not been considered, or that the QE is still lower than that measured by Musienko [3] .
Our future work will concentrate on improving the sensitivity in the blue region and then developing the devices into matrices for position sensitive measurements.
